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ABS TRACT 

The equations f o r  the bending moment of a launch vehic le  a r e  wr i t t en  
including the e f f e c t s  of bending and s loshing dynamics. By making c e r t a i n  
simplifying assumptions, the  bending moment equation is  transformed t o  be 
a funct ion of r i g i d  vehic le  angle of a t t a c k ,  engine def lec t ion ,  bending 
mode acce lera t ion  and s loshing mode acce lera t ion ,  This form is par t icu-  
l a r l y  advantageous f o r  use i n  optimization techniques by the  control  
engineer. The response of a Saturn V class vehic le  was solved and the 
control  sys tem optimized t o  bending moments using data covering a 
period of s i x  years,  amounting t o  4,384 measured wind p r o f i l e s ,  and the 
GPS high speed  r e p e t i t i v e  analog computer. A comparison between the 
bending moment response envelope of the measured winds and the bending 
moment response of the  MSFC synthe t ic  wind p r o f i l e  is made. 
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DEFINITION OF SYMBOLS 

Def in i t ion  

pos i t i on  ga in  f a c t o r  

rate ga in  f a c t o r  

angle-of-attack ga in  f ac to r  

aerodynamic r e s to r ing  force  c o e f f i c i e n t  

cont ro l  r e s to r ing  force  c o e f f i c i e n t  

normal fo rce  on f i n  

l o c a l  normal fo rce  c o e f f i c i e n t  

reference diameter of veh ic l e  

swivel engine t h r u s t  

longi tudina l  acce le ra t ion  

moment of i n e r t i a  about c.g. 

cor rec t ion  of moment of i n e r t i a  due t o  propel lan t  
o s c i l l a t i o n s  

d i s t ance  from gimbal po in t  t o  c.g, of swivel engine 

* t o t a l  vehic le  mass 

general ized mass i n  veh ic l e  bending 

s l o s h  mass 

aerodynamic res t o r  ing moment 

l o c a l  mass d i s t r i b u t i o n  

aerodynamic normal force  

dynamic pressure times reference  a rea  

dynamic pressure 

i v  



DEFINITION OF SYMBOLS (Continued) 

Symbol Def in i t ion  

S reference area 

f i r s t  moment of swivel engine about gimbal sE 

QW 

Q veh ic l e  ve loc i ty  

wind ve loc i ty  

X veh ic l e  c.g. 
cg 

poin t  of bending moment 

swivel po in t  

s l o s h  mass l oca t ion  

xk 
% = x T  
xfs 

angle-of-attack m e t e r  loca t ion  
xV 

cg 2 = (X - Xcg) bar  ind ica tes  X s t a t i o n  minus X 

y (XI 

y' (4 

a, wind angle  Qw/Q 

BC engine cormnand angle 

bending mode de f l ec t ion  curve 

s lope  of bending mode de f l ec t ion  curve 

t h r u s t  'vector angle 

s t r u c  t u r a l  damping 

@E 

5, 
cont ro l  mode damping 

swivel engine damping 

s l o s h  damping 

general ized coordinate i n  bending 

moment of i n e r t i a  of swivel engine about gimbal 

CE 

5, 

rll-l 

DE 

V 

I 



Symbol 

t i  

cp 

DEFINITION OF SYMBOLS (Continued) 

Def in i t ion  

general ized coordinate of propellant: o s c i l l a t i o n  

general ized coordinate r i g i d  body r o t a t i o n  

na tu ra l  frequency of body bending 

cont ro l  frequency 

engine compliance frequency 

s loshing frequency 

vi 



TECHNICAL MEMORANDUM X-53298 

A PRACTICAL APPROACH TO THE OPTIMIUTION OF THE SATURN V 
SPACE VEHICLE CONTROL SYSTEM UNDER AERODYNAMIC LOADS 

SUMMARY 

The equations f o r  the bending moment of a launch veh ic l e  are w r i t t e n  

including the e f f e c t s  of bending and s losh ing  dynamics. By making c e r t a i n  

simplffying assumptions , t he  bending moment equation is  transformed t o  be 

a funct ion of r i g i d  veh ic l e  angle  of a t t a c k ,  engine de f l ec t ion ,  bending 

mode acce le ra t ion  and s loshing mode acce lera t ion .  This form is par t icu-  

l a r l y  advantageous f o r  use i n  opt imizat ion techniques by the  cont ro l  

engineer. 

cont ro l  system optimized t o  bending moments using data covering a 

period of s i x  years ,  amounting t o  4 ,384  measured wind p r o f i l e s ,  and the 

GPS high speed r e p e t i t i v e  analog computer. 

bending moment response envelope of the measured winds and the bending 

moment response of the MSFC syn the t i c  wind p r o f i l e  is made. 

The response of a Saturn V c l a s s  veh ic l e  w a s  soived and the 

A comparison between the 



INTRODUCTION 

As  a launch veh ic l e  ascends through the  atmosphere, it encounters 

Not only are the many disturbances,  the main one being wind ve loc i ty .  

magnitudes of these wind v e l o c i t i e s  important, bu t  a l s o  t h e i r  rate of 

change. This leads t o  the  considerat ion of wind magnitude, wind shear ,  

and wind g u s t  and turbulence. The r eac t ion  of the launch vehic le  t o  

these disturbances as i t , a t tempts  t o  f l y  a s p e c i f i c  f l i g h t  t r a j e c t o r y  

produces an angle  of a t t a c k  which introduces loads on the veh ic l e  s t ruc -  

ture .  I n  order t o  properly s i z e  the  vehic le  s t r u c t u r e  and insure  a 

successful  f l i g h t  with maximum payload capab i l i t y ,  two important con- 

s ide ra t ions  i n  vehic le  dynamics and control  work are necessary: 

dynamic model is needed which w i l l  accura te ly  descr ibe the veh ic l e  

(including non l inea r i t i e s ) .  

ing moment i n  a form s u i t a b l e  f o r  cont ro l  optimization techniques; a l s o  

the wind input  must include the wind magnitude, shear ,  and gus t  wi th  a 

high level p red ic t ab i l i t y .  (2) Optimization techniques of the control  

system a r e  needed t h a t  w i l l  reduce veh ic l e  response t o  these disturbances,  

p a r t i c u l a r l y ,  a reduct ion i n  the  bending moment. 

(1) A 

This model should include the  vehic le  bend- 

Many approaches have been used f o r  represent ing the wind inputs and 

conducting response analyses. I n  general ,  these techniques make use of 

a r i g i d  body representa t ion  of the vehic le  f ly ing  through syn the t i c  pro- 

f i l e s .  

then superimposed on the wind loads t o  obta in  t o t a l  loads. A t  MSFC a 

syn the t i c  wind p r o f i l e  approach has been taken t h a t  considers both wind magni- 

tude, wind shear ,  and wind gus t  (Reference 1). Several other  methods 

have been used f o r  response predic t ion  and have been evaluated i n  g r e a t  

d e t a i l  by Avi-Dyne Research Inc. (Reference 2) under A i r  Force contract .  

In  a l l  these procedures, questions s t i l l  a r i s e  s ince a high probabi l i ty  of 

not exceeding the design value i s  not guaranteed. 

Responses obtained from gus ts  ac t ing  on an e l a s t i c  vehic le  are 

This paper presents  a method f o r  accura te ly  descr ibing the veh ic l e  

bending moment i n  terms of control  system parameters. The wind input,  

2 



represented by a s ix-year  sample of s e r i a l l y  complete individual  measured 

wind p r o f i l e s  ( 4 , 3 8 4 )  , gives a reasonably accurate  s t a t i s  t i c a l  represen- 

t a t i o n  of wind magnitude and wind shear .  

measured by the s tandard GMD rawinsonde system. 

r e p e t i t i v e  analog computer is  used t o  run numerous control  parameter v a r i -  

a t ions .  The control  law is optimized t o  produce a minimum bending moment 

a t  one vehic le  s t a t i o n .  Also,  the vehic le  responses t o  these p r o f i l e s  a r e  

compared t o  those obtained from the MSFC syn the t i c  wind p ro f i l e .  

The wind speed p r o f i l e s  were 

F ina l ly ,  a high speed 

The dynamic desc r ip t ion  of the  launch vehic le ,  including wind inputs,  

is the f i r s t  s t e p  i n  dynamic ana lys i s .  

response of the veh ic l e  t o  wind inputs  which e s t ab l i shes  the cont ro l  

system gains  t h a t  optimize some response value.  It is f e l t  t h a t  the 

b e s t  choice f o r  t h i s  response va lue  is the veh ic l e  bending moment a t  some 

c r i t i c a l  s t a t i o n .  This choice was based on the  f a c t s  t h a t  

The second s t e p  is t o  descr ibe  

(1) the bending moment contains i n  some form a l l  other  

pe r t inen t  response values and is therefore  ind ica t ive  

of the ove ra l l  vehic le  response, and 

(2) by reducing the bending moment through the  cont ro l  system, 

add i t iona l  payload could be obtained e i t h e r  by reducing 

s t r u c t u r a l  weight or  using l i f t i n g  type t r a j e c t o r i e s .  

Based on t h i s  choice of a parameter f o r  optimizing the control  gains ,  

the bas i c  procedures f o r  ana lys i s  are formulated, and a s p e c i a l  study of 

the Saturn launch veh ic l e  is presented. A d e t a i l e d  development of the 

bending moment equation is discussed i n  the f i r s t  sec t ion .  The second 

s e c t i o n  discusses  the equations of motion and cont ro l  equation. The 

t h i r d  s e c t i o n  discusses  the high speed analog computer, while the fou r th  

s e c t i o n  dea ls  w i t h  the wind input. 

f o r  Saturn V veh ic l e  using the  techniques presented. 

The f i n a l  s e c t i o n  is an  example s tudy 

ANALYSIS 

Bending Moment Equation 

Since the bending moment has been chosen as the parameter f o r  optimiz- 

ing the control  system, a spec ia l  d i scuss ion  of the  bending moment equation 

follows. 
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The two main approaches used t o  de r ive  the bending moment equation 

are the mode displacement and mode acce lera t ion ,  o r  d i r e c t  method. 

Because of the  s impl i c i ty  of t he  form of the  bending moment equation i n  

the  mode displacement method, 

i t  would appear t h a t  t h i s  is the b e s t  form t o  use. However, a f t e r  some 

s tud ie s  w e r e  made-using the  e q G t i o n  i n  t h i s  form, it was  found that 

seve ra l  modes w e r e  needed f o r  good convergence of the series and an  accura te  

bending moment descr ip t ion ,  Also, l i t t l e  physical i n s i g h t  i n t o  the  e f f e c t  

of the cont ro l  system upon the  bending moment could be  v isua l ized .  

This led  t o  the idea t h a t  the mode acce le ra t ion  method would b e t t e r  

descr ibe the  bending moment. 

can be wr i t t en ,  by neglect ing small terms, as 

The equation a s  used by stress engineers 

m - m 
-1 

Here, again,  the  e f f e c t  of the control  system parameters on the bending 

moment cannot be adequately analyzed. 

duced e a s i l y  s i n c e  two numbers of near equal magnitude a r e  subt rac ted  t o  

obta in  the bending moment. 

bending moment equation t h a t  t o  some ex ten t  circumvented the numerical 

e r r o r s  and separated the  var ious parameter e f f e c t s ,  the equations of 

motion were subs t i t u t ed  fo r  l a t e r a l  acce le ra t ion  and angular acce lera t ion  

i n t o  the bending moment equations,  thus el iminat ing the r i g i d  body accelera-  

t i o n  terms. 

Also, mathematical e r r o r s  are in t ro-  

Because it is  des i r ab le  t o  have a form of the 

These r i g i d  body. equations a r e  (by neglecting small terms) 

4 



Subs t i t u t ing  these equations f o r  the accelera'tions i n t o  the  b-ndin 

moment equations gives the  f i n a l  form of the  bending moment equation a s  

The bending moment equation i n  t h i s  form read i ly  s u i t s  the  needs of 

the cont ro l  engineer f o r  severa l  reasons: 

The various e f f e c t s  are completely separated,  allowing 

i n s i g h t  i n t o  the problem. I n  p a r t i c u l a r ,  the  trade-off 

between the e f f e c t s  of angle of a t t a c k  and engine def lec-  

t i o n  is apparent,  ind ica t ing  the  a rea  of emphasis  f o r  the 

cont ro l  l aw.  

Nonlinear aerodynamic e f f e c t s  a r e  more e a s i l y  incorporated 

i n t o  the bending moment s i n c e  only the M& term contains 

aerodynamic e f f ec t s .  

Each coe f f i c i en t  s a t i s f i e s  the boundary conditions of zero 

moment a t  each end, allowing b e t t e r  numerical f l e x i b i l i t y  

and accuracyI 

5 



( 4 )  The coe f f i c i en t s  a r e  computed a s  by-products of the 

aerodynamic fo rce  and v ib ra t ion  programs and become 

only add i t iona l  load-in values i n  the response programs. 

Typical p l o t s  of these coe f f i c i en t s  are shown i n  Figures 1 through 3.  

The r a t i o  of M ' d M ' p  is shown on Figure 1. 

e f f e c t i v e  trade-off between a and p is always less than one, ind ica t ing  

t h a t  only a small percentage of load r e l i e f  can be achieved through 

veh ic l e  cont ro l  laws . 

Here, i t  is obvious t h a t  the  

Equations of Motion 

To de r ive  the equations of motion of the vehic le ,  a coordinate system 

having i t s  o r i g i n  a t  the  center  of g r a v i t y  of the veh ic l e  is chosen (Fig- 

u re  4 ) .  

replacing it  with an equivalent  g r a v i t a t i o n a l  f i e l d .  The r o t a t i o n  of the 

coordinate system i n  space is neglected. 

t o  be symmetrical, no cross coupling is  present ;  therefore ,  a planar 

ana lys i s  is appl icable .  

The t r a n s l a t i o n  of t h i s  coordination system is eliminated by 

Since the veh ic l e  is assumed 

The veh ic l e  is  assumed to be cont ro l led  by an au topi lo t .  The control  

fo rce  is obtained by swiveling the engines t o  produce a s i d e  force.  

The l i q u i d  propel lan t  dynamics is represented by an equivalent 

mechanical model consis t ing of an assembly of spr ings ,  dashpots, masses, 

and i n e r t i a l  d i s c s  arranged i n  such a manner a s  t o  represent  the dynamic 

behavior of the moving l i q u i d  (Figure 5).  This model exac t ly  dupl ica tes  

t he  forces and moments determined from the hydrodynamic so lu t ion  and 

accura te ly  reproduces the  o s c i l l a t i n g  f l u i d ,  insofar  as the  assumptions 

made f o r  t he  hydrodynamic so lu t ion  a r e  v a l i d ,  v i z ,  an incompressible, 

i r r o t a t i o n a l  f l u i d  with only small  disturbances being admitted. 

The aerodynamic forces  are quasi-steady, based on normal fo rce  d i s t r i -  

butions measured o r  ca lcu la ted  along the longi tudina l  axis and the l o c a l  

angle  of a t tack .  

s m a l l  f o r  t h i s  veh ic l e  configurat ion,  they a r e  neglected,  

Since a l l  gus t  pene t ra t ion  e f f e c t s  have been found t o  be 

6 



The bending e f f e c t s  of the launch vehic le  s t r u c t u r e  a r e  approximated 

by the  superposi t ion of several f ree- f ree  normal mode shapes by 

p=1 

which def ines  the displacement of the vehic le  cen te r l ine  (Figure 6).  The 

normal modes are computed with the swiveling engine masses removed. 

l i q u i d  propel lan t  mass is included i n  the bending mode ca lcu la t ions .  

The 

Based on these assumptions, Lagrange's equation is appl ied and the 

equations of motion derived, which include e l a s t i c  body def lec t ion ,  pro- 

p e l l a n t  o s c i l l a t i o n s ,  r i g i d  body t r ans l a t ion ,  r i g i d  body ro t a t ion ,  and 

engine compliance. Additional equations a r e  included fo r  the dynamics of 

the cont ro l  sensors.  A complete s e t  of these equations is given i n  the 

appendix. 

The cont ro l  system i t s e l f  can be  v isua l ized  i n  many forms depending 

on the  designer 's  choice of elements, e tc .  Only one of t h i s  l a rge  number 

of poss ib le  systems is considered f o r  t h i s  paper. This system cons is t s  of 

a gimbaling t h r u s t  vee tor  produced by a hydraul ic  ac tua tor  ac t iva t ed  by an 

e l e c t r i c a l  s igna l  which has i t s  souree i n  a pos i t i on  gyro, r a t e  gyro and 

angle-of-attack meter. By a t taching  proper gains t o  the th ree  s igna l s  and 

summing, the command s i g n a l  t o  the ac tua tor  is achieved. Additional control  

s igna l  a l t e r a t i o n s  can be achieved by using network f i l t e r s  t o  add 

damping t o  the bending modes (see Figure 7) .  

The control  system used i n  t h i s  ana lys i s  is s impl i f ied  somewhat by 

assuming that no f i l t e r s  a r e  included. Bending mode s t a b i l i t y  is achieved 

by loca t ing  the  ra te  gyros a t  the vehic le  t a i l .  It is  assumed t h a t  the 

ac tua to r  dynamics can be represented by a second order  system; therefore ,  

the f i n a l  control  l a w  becomes 

7 



where 

?li is  the  ind ica ted  veh ic l e  pos i t i on ,  

4 .  i s  the indicated veh ic l e  pos i t i on  r a t e ,  and 

'i 

1 
i s  the  ind ica ted  angle of a t tack .  

Using t h i s  type of  the  con t ro l  equation allows some load reduct ion 

s ince  angle-of-attack feedback i s  included. The trade-off i n  load reduct ion 

by using t h i s  angle-of-attack feedback w i l l  be the b a s i s  f o r  t he  a c t u a l  

response study. 

Computer Program and Wind Inputs  

The bas i c  philosophy of the technique as presented i n  t h i s  paper i s  

t o  compute the  response of t he  veh ic l e  using many individual  wind p ro f i l e s .  

For each set of these many response runs on the  computer, var ious  combinations 

of t he  cont ro l  ga in  s e t t i n g s  are t o  be used t o  ob ta in  the  bes t  s e t t i n g  i n  

t e r m s  of reduced bending moment. By using t h i s  l a rge  sample of  wind d a t a  

and many con t ro l  parameter v a r i a t i o n s ,  a high ,probabi l i ty  o f  p red ic t ion  

can be made. To f a c i l i t a t e  the task  of  computing a l a rge  number of  response 

runs,  a high speed r e p e t i t i v e  analog computer w a s  chosen t o  solve the  system 

of equations. 

The e l e c t r o n i c  analog computer chosen i s  the  General Purpose Simulator 

manufactured by GPS Instrument Co. i n  Massachusetts, which i s  w e l l  s u i t e d  

f o r  the t a sk  of de l ive r ing  i n  a sho r t  t i m e  thousands of so lu t ions  of t he  

vehic le  response. By t i m e  transformation, t he  events on t h e  analog computer 

takes  place 3000 t i m e s  f a s t e r  than  i n  real  t i m e .  One complete run  does not 

exceed 150 m sec s ince  the re  i s  an in t eg ra t ion  f a c t o r  of 3000 sec 

wi th  a maximum of 50 v o l t s  from the  ampl i f i e r s  i n  r e p e t i t i v e  operation. Thus, 

during one second, up to  20 so lu t ions  can be obtained from the take-off t o  

-1 

cutof f  of the  launch s t age  a t  about 144 seconds. Because of  the  high-speed 

operat ion,  the  ampl i f i e r s  have a bandwidth o f  1 MHz, and t h e  phase s h i f t  i n  

the working range between 0 and 20 KH amounts to less than 1 degree. 
Z 

8 



Figure 8 shows t h e  complete GPS f a c i l i t y .  The bas i c  computing u n i t s  

contain about 50 in t eg ra to r s  , 50 summing ampl i f ie rs  , 350 coe f f i c i en t  

potentiometers,  20 quarter-square mul t ip l i e r s  and 15 funct ion generators  

together with 70 ampl i f ie rs .  

dynamic parameters o r  s t o c h a s t i c  inputs  can be fed,  f u l l y  synchronized 

with the  problem run, i n t o  the analog computer from two tape uni t s .  Each 

contains seven tracks.  

f ac to ry  reproduction of the va r i ab le  time functions.  Solutions may also 

be recorded on these tapes.  Af te r  an ana log-d ig i ta l  conversion, the solu-  

t ions may be fu r the r  processed on a d i g i t a l  machine. 

Time-varying coe f f i c i en t s  such a s  aero- 

A tape speed of 60 inches/second guarantees satis-  

Furthermore, f o r  s t a t i s t i c a l  inves t iga t ions  , there  a r e  noise  genera- 

t o r s ,  switches,  counters,  comparators, p robabi l i ty  d i s t r i b u t i o n  analyzers 

and ad jus tab le  f i l t e r s .  Besides the tape u n i t s ,  there  are 17-inch o s c i l -  

loscopes and a Honeywell "Visicorder" (Figures 9 and 10 show d e t a i l s  of 

the computer). 
d 

It is a decided advantage of the r e p e t i t i v e  operation t h a t  the t o t a l  

so lu t ion  becomes immediately v i s i b l e  on an osci l loscope.  Thus, the e f f e c t  

f of varying c e r t a i n  s t a t e  var iab les  f o r  optimization purposes becomes 
obvious a t  once. 

A l l  events on the computer, during r e p e t i t i v e  operation, a r e  control led 

from one master generator  providing the synchronizing pulses.  

The equations f o r  s imulat ion of a launch vehic le  on the GPS analog com- 

puter  can' be described by a system of l i n e a r  d i f f e r e n t i a l  equations with 

time-varying coe f f i c i en t s  i n  the  form (see appendix) 
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where [M(t)], [C( t ) ] ,  and [K(t)]  a r e  time-varying matrices, (X) the  s ta te  

vec tor  and q ( t )  general ized forces.  

by the cont ro l  equation which connects the engine de f l ec t ion  wi th  the s t a t e  

vector.  

These equations have t o  be supplemented 

The second de r iva t ives  of some va r i ab le s  appear i n  equations ' f o r  

second der iva t ives  of o ther  var iab les .  This may lead t o  i n s t a b i l i t i e s  i n  

the analog computer simulation because of closed a lgeb ra i c  loops. 

contain summing ampl i f ie rs  only and tend t o  o s c i l l a t e  a t  c e r t a i n  ga in  values .  

These d i f f i c u l t i e s  w e r e  o r i g i n a l l y  bypassed by a matrix transformation: 

The loops 

Thus, equations a r e  obtained containing the second de r iva t ive  of one 

va r i ab le  each. 

equations t h a t  a r e  created by the el iminat ion of o ther  second der iva t ives .  

Figure 11 shows the simulation of one of 12 d i f f e r e n t i a l  

A disadvantage of e l iminat ing o ther  second der iva t ives  is the f a c t  

t h a t ,  by the matr ix  transformation, new coe f f i c i en t s  are generated t h a t  a r e  

sums and products of the old coe f f i c i en t s .  Thus, we l o se  the ease of 

d i r e c t l y  changing coe f f i c i en t  values on the analog computer t h a t  a r e  i n  

the o r i g i n a l  equations represent ing values such as t h r u s t  o r  mass. For 

t h i s  reason, a d i r e c t  simulation of the o r i g i n a l  equations with time-varying 

coe f f i c i en t s  was  t r i e d  on the GPS as shown on Figure 12. N o  d i f f i c u l t i e s  

were encountered on t h e  analog computer provided the v a r i a t i o n  of  coef f i -  

c i en t s  was no t  too f a r  from "nominal" values.  

i n  wide limits, however, f o r  the sake of s t a b i l i t y ,  a l l  closed a lgebra ic  

loops must be eliminated. 

For v a r i a t i o n  of parameters 

The f i n a l  problem i n  vehic le  response ana lys i s  is the representa t ion  

of the dis turbance o r  forcing function. The importance of the disturbance 

is obvious s ince  any optimization of the control  gains i s  a d i r e c t  function 

of the disturbance. By nature ,  these disturbances are indiv idua l ly  a r b i t r a r y .  

By the pr inc ip les  of s t a t i s t i c s ,  a descr ip t ion  of these disturbances can be 

made by probabi l i ty  dens i ty  functions,  by t h e i r  power s p e c t r a l  densi ty ,  

and by co r re l a t ion  functions.  However, these methods f a i l  i f  appl ied t o  

10 
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nonlinear time-varying d i f f e r e n t i a l  equations as they descr ibe the be- 

havior of the vehicle .  On the analog computer, an inves t iga t ion  of these 

systems can be made without d i f f i c u l t y .  It is therefore  necessary t o  

accura te ly  s imulate  the  s t a t i s t i c a l  inputs  together  with the sys tems 

equations . 
There are two ways of generating wind as a s t a t i s t i c a l  input.  One 

approach uses a magnetic tape which s t o r e s  a c t u a l l y  measured wind p r o f i l e s  

up t o  an a l t i t u d e  of 27 km. 
radar  t racking of r i s i n g  balloons,  and a r e  the Standard GMD rawinsonde winds. 

The high speed of the .ana log  computer GPS i n  r e p e t i t i v e  operat ion makes it 

f e a s i b l e  t o  feed the  individual  wind p r o f i l e  measurements of several years 

as  inputs  t o  the  program and t o  evaluate  the r e s u l t s  s t a t i s t i c a l l y .  Thus, 

r e s u l t s  can be obtained f o r  the behavior of the launch veh ic l e  t o  individual  

measured wind p r o f i l e s .  

angle  of a t t ack ,  o r  bending moment during f l i g h t  can be r eg i s t e red  on the 

analog computer i f  a prese t  l i m i t  has been exceeded. The number of ex- 

ceedances of various limits can be r e l a t e d  t o  the t o t a l  number of wind 

p r o f i l e s  t h a t  have been used. I n  t h i s  way, the p robab i l i t y  of exceeding 

a given value may be obtained. 

The da ta  were measured a t  Cape Kennedy by 

The va r i ab le s  of i n t e r e s t  such as engine def lec t ion ,  

T 

). 

Also of importance is  the continuous and r e p e t i t i v e  run of a s p e c i f i c  

wind p r o f i l e  on a closed magnetic tape .  Certain control  parameters may 

be var ied  with the goal of optimizing the  response of c e r t a i n  var iab les  

and t o  e s t a b l i s h  a good compromise between o f t en  cont rad ic t ing  design 

c r i t e r i a  . 
Optimization of t r ans i en t s  f o r  a s p e c i f i c  wind p r o f i l e  does not  

necessar i ly  mean t h a t  the behavior of the vehic le  w i l l  be s a t i s f a c t o r y  f o r  

a l l  winds t h a t  are l i k e l y  t o  occur a f t e r  take-off. Thus, a second method 

can be used f o r  generat ing wind as a s t a t i s t i c a l  input  t o  the dynamic equations. 

The wind is generated by the method indicated on Figure 13. The output of 

the noise  generator  represents  a random funct ion described a s  "white noise." 

The bandwidth of constant  power dens i ty  is wider than the bandwidth of the 

- -  
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analog simulation. The wind is’now considered t o  be the sua of three  

elements: a monthly mean value,  a d a i l y  v a r i a t i o n ,  and turbulence. 

Although t h i s  de l inea t ion  is t o  q u i t e  an ex ten t  a r b i t r a r y ,  it is we- 
f u l  f o r  reasons of p r a c t i c a l  wind measurements and f o r  an e l e c t r o n i c  

synthes is ,  whereby each element can be changed independently from the 

other .  Tfie monthly mean is  dupl icated from a funct ion generator ;  d a i l y  

v a r i a t i o n  and turbulence are f i l t e r e d  ou t  from the  white noise  by two 

time-varying f i l t e r s .  

with increasing vehic le  ve loc i ty .  Zero-crossing in t e rva l s  , d i s t r i b u t i o n  

and exceedances i n  the time-varying functions a r e  determined or  can be 

changed by the f i l t e r  parameters ( and w . 

The bandwidth of the f i l t e r s  Fw and FT is increased 

Although both procedures f o r  generat ing wind inputs can be used, 

t h i s  study used a v a r i a t i o n  of the two. F i r s t ,  the  vehic le  response was 

s tud ied  using the individual  rawinsonde winds. A s  a follow-on study 

the standard rawinsonde winds had turbulence superimposed by f i l t e r i n g  

the  white noise generator  output.  

on the rawinsonde measured p r o f i l e s  had a var iance of approximately 

1.5 m2/sec2. 

p r o f i l e .  

i s  shown i n  Figure 19. 

The turbulence spectrum superimposed 

A separa te  spectrum was  generated and superimposed on each 

A p r o f i l e  showing the rawinsonde with superimposed turbulence 

Although t h i s  model f o r  the turbulence may not be completely repre-  

s en ta t ive ,  i t  serves  as the  b e s t  model ava i l ab le  and these wind p r o f i l e s  

should g ive  representa t ive  answers of the e f f e c t s  of turbulence on vehic le  

response. 

obtained; however, a s u f f i c i e n t  number have not  y e t  been co l lec ted  f o r  a 

good sample. 

A t  the present  t i m e ,  individual  de t a i l ed  wind p r o f i l e s  a r e  being 

Once these d a t a  a r e  ava i l ab le  i n  representa t ive  quant i ty ,  

the above winds w i l l  be replaced. 

APPLICATION TO SATURN V LAUNCH VEHICLE 

The technique f o r  conducting a vehic le  response t o  i n f l i g h t  winds and 

optimizing the control  law t o  minimize the bending moment was appl ied t o  

the Saturn V launch veh ic l e  (Figure 14). To conduct: the s tudy,  the bending 

moment value occurring a t  the vehic le  c.g. was used a s  the response value.  

12 
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The bas i c  parameters chosen f o r  varying were the cont ro l  gains  a. 
and bo. F i r s t ,  the  sum of the gains  are chosen, thereby choosing the 

r i g i d  body cont ro l  frequency, ae 

a. + bo = constant.  

Then f o r  each value of c the r a t i o  of bo/ao is var ied  from zero t o  a 

l a rge  number. 

This s tudy was  ca r r i ed  ou t  using constant  f l i g h t  conditions.  The 

time chosen f o r  f reez ing  the f l i g h t  conditions was maximum loading. By 

f reez ing  the f l i g h t  conditions a t  70 seconds f l i g h t  time, the vehic le  is 

flown along the t o t a l  wind p r o f i l e  a t  a constant  ve loc i ty ,  reaching the  

corresponding a l t i t u d e  and f l i g h t  time conditions.  

veh ic l e  behavior i n  t h i s  fashion should lead t o  a conservative value s ince  

the  e a r l y  p a r t  of the t r a j e c t o r y  has l a r g e r  dynamic pressure than would be 

experienced i n  actual f l i g h t .  Future s tud ie s  w i l l  e l iminate  t h i s  assump- 

t i o n  by using time varying coe f f i c i en t s  .’ 

Considering the 

Examples of the response r e s u l t s  of vehic le  bending moment a r e  shown 

on Figure 15. 

a p rese t  l i m i t  t o  the t o t a l  number of wind p r o f i l e s  is p lo t ted .  As  indicated 

on the p l o t s  i n  Figure 15, the ga in  r a t i o  bo/ao was used as parameter. It i s  

obvious 

moment response. 

The r a t i o  of the number of times the bending moment exceeds 

t h a t  a ga in  s e t t i n g  of ao/bo = 1.5 produces the lowest bending 

The e f f e c t  of adding turbulence t o  the rawinsonde wind p r o f i l e s  can 

a l s o  be seen on Figures 15, 17 ,  and 18. Adding turbulence increases  the 

number of exceedances and s l i g h t l y  changes the optimum gain  s e t t i n g .  

indicated on Figure 15 as s t r a i g h t  l i n e s  are the bending moment values 

obtained using the MSFC s y n t h e t i c  p r o f i l e  (Figure 16). This s y n t h e t i c  

p r o f i l e  is the MSFC 99 percent  wind shear ,  95 percent wind magnitude pro- 

f i l e .  The quasi-steady state wind speeds are not  expected t o  be exceeded 

by the  given percentage of time based on the windiest  month. 

Also 

- 7  

It can be 
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seen from the p l o t  that the syn the t i c  p r o f i l e  produces a bending moment 

value t h a t  w i l l  not  be exceeded more than 3 percent of the time f o r  the 

windiest  month o r  0.7 percent  f o r  the t o t a l  number of winds run. Since 

t h i s  p r o f i l e  was designed f o r  95 percent  wind magnitude during the 

windiest  month, the p r o f i l e  gives  r e a l i s t i c  response r e s u l t s .  

Typical p l o t s  of the  engine de f l ec t ion ,  and angle-of-attack 

exceedance r a t i o s  p lo t t ed  vs amplitude a r e  shown on Figures 1 7  and 18. 

Also, the syn the t i c  p r o f i l e  r e s u l t s  are included as s t r a i g h t  l i n e s .  

To f u r t h e r  i l l u s t r a t e  the technique, Figure 19  is a typ ica l  se t  of 

response values ,obtained when the bending moment exceeded a p rese t  l i m i t .  

By capturing t h i s  wind on a tape loop, the bending moment response is 

displayed on the  osc i l loscope  by changing the cont ro l  gains  i n  an attempt 

t o  reduce the  moment. Additional information is  recorded by photograph- 

ing a s e r i e s  of individual  bending moment responses t o  the individual  

winds. Figure 20 is an envelope o f ' t h e s e  bending moment responses t o  the 

individual  winds f o r  February 1958. 

GONCLUS IONS 

The technique'of using the high speed f e p e t i t i v e  analog computer t o  

study the  response of a launch veh ic l e  t o  a l a rge  sample of individual  winds 

is a valuable  too l ,  s ince  l a rge  samples can be run using winds t h a t  have 

high frequency components. 

d i c t e d  loads.  

This adds g r e a t l y  t o  the assurances of the pre- 

Since the  speed of the computer is very f a s t ,  the  optimization of the 

cont ro l  l a w  using t h i s  l a rge  sample of winds is - feas ib le .  The use of 

the bending moment f o r  t h i s  optimization parameter i s  a l o g i c a l  choice 

f o r  a p r a c t i c a l  approach t o  the vehic le  design, The method a s  presented 

should be a valuable  design t o o l ,  adding f l e x i b i l i t y  and r e l i a b i l i t y  

to  vehic le  design. 
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APPENDIX 

A e r o d y n a m i c  Coefficients 

L/ 2 

L/ 2 

D. C' (x) Y . ( x )  dx + r 1 CzacE Yj(x f )  Za J 
-L/ 2 

lor j 

c 

L/ 2 

5 .  - - 1 1 C' (x) Y .  (x) E(x) dx  + 1 Czd Yj (x f )  
l or j  4D0 Za J 

-L /2  

L/ 2 

- - - 1 C' (x) Y'.(x) g(x) dx + 1 Czd Y;(Xf) g(xf> J * Ei ZCX 
4D0 -L /2  

' f  
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Control Frequency 
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Equations of Motion 
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